Introduction
Anaerobic digestion (AD) is a popular technology for simultaneous production of energy and treatment of wastewaters. Various reactor types and configurations have been developed in order to increase the efficiency of the process and to be able to utilize a wide variety of substrates. Up-flow anaerobic sludge blanket (UASB) reactors are extensively used to treat high strength liquid wastes such as leachate from food waste, cheese whey and textile dyeing wastewater [1] [2] [3] . In a UASB reactor, the liquid waste flows through the sludge bed at a significantly shorter hydraulic retention times (HRT) compared to the growth rates of key microorganisms for the biomethanation process.
The granular sludge with excellent settling properties confines the active microbes and prevents them from washout [4] . UASB reactors are widely used in tropic countries where the reactors operate at ambient temperature (21-24 °C) or at mesophilic conditions [5, 6] .
It is postulated that the conversion rate increases with temperature in AD process [7] .
Nevertheless, especially in applications where UASB reactors are used, it is extremely difficult to find thermophilic granular sludge. This is mainly because most of the UASB reactors are operated at mesophilic conditions to avoid heating costs and to increase the tolerance of the process towards specific inhibitors such oleate [8] . Previous researchers analysed the process stability during temperature transition from mesophilic to thermophilic operation; however, the outcomes were inconclusive [9, 10] . Results showed that in specific cases the methane production was inhibited without providing an obvious explanation regarding this failure. Denaturing gradient gel electrophoresis (DGGE) of 16s rRNA gene was applied to analyse the granular microbial community changes from mesophilic to thermophilic treatment of palm oil mill effluent, and the results suggested significant differences in microbiota compositions [11] . However, the microbial community was not explored quantitatively and comprehensively due to the technical limitations of DGGE technique. Recent studies based on high throughput amplicon sequencing remarked that 4 during temperature transition, the thermophilic bacterial community evolved spontaneously in liquid phase of UASB reactors and were found inhabiting in the granular structures [12] . However, it was demonstrated that the thermophilic archaeal group grew slowly and concomitantly led to process imbalance [13] .
The key postulate of successful temperature conversion is the ubiquity of thermophiles.
Therefore, the most commonly used practice in biogas reactors involves a stepwise increment of the operating temperature, which allows a spontaneous but slow microbial community transition. A method to accelerate the microbial adaptation into new or extreme conditions is known as "bioaugmentation" or "microbial community manipulation" and relies on the provision of exogenous microbial consortia into certain microbial ecosystems to manipulate the existing metabolic activities towards a desired effect or process. Recently, the bioaugmentation strategies are gaining increased attention in different AD applications. For example, bioaugmentation was used to increase hydrolysis of cellulose [14] , overcome ammonia inhibition [15] and restore methane production from overloaded reactor [16] . Microbes encoding proteins involved in crucial steps of biomethanation were injected into biogas reactors leading to significant enhancement of methane production. One important consideration about bioaugmentation in continuous reactor operations is the duration of the bioaugmentation effect, which is related to the maintenance and proliferation of the exogenous microbes inside the reactor. It is often reported that the positive bioaugmentation effect occurrs for a limited time period after the inoculation due to the wash out of the exogenous strains [14, 17] . This obstacle could potentially be overcome in sludge retaining reactors due to the fact that the microbes can be immobilised into the granules, and thus, stay in the reactor for longer periods.
In the current study, three bioaugmentation strategies were examined by comparing both reactor performance and microbial community dynamics. Two laboratory-scale mesophilic UASB reactors 5 were successfully changed to thermophilic operation with and without applying selected bioaugmentation. Methane production rate and yield were monitored in order to evaluate the process enhancement, and high throughput amplicons sequencing was employed to reveal the microbial dynamics in the granules. The outcomes of the current work allowed the proposal of an alternative method to enhance biomethanation in UASB reactors and also provided insights regarding the shifts of microbial composition during process optimization.
Materials and methods

Characteristics of substrate and granules
Mesophilic granules used in this study were obtained from a full scale UASB reactor of a wastewater treatment plant (Colsen) processing potato juice in Netherlands. The granules were stored at 4°C and moved to room temperature for 24 hours before use. Potato juice used as substrate was obtained from potato-starch processing factory (Karup Kartoffelmelfabrik, Denmark) in two batches. Batch 1 was used as substrate in the experiment related to the selection of bioaugmentation strategy and Batch 2 was used during biomethanation enhancement by thermophilic operation and bioaugmentation. The raw potato juice was diluted with distilled water before usage in order to achieve the desired the organic loading rate (OLR) and HRT. The characteristics of raw and diluted potato juice are presented in Table 1 .
Experiment 1-testing various bioaugmentation strategies
Three different bioaugmentation strategies were investigated using lab scale UASB reactors with working volume of 1.4 L. The reactor configuration was previously described by Zhu et al. [13] . Briefly, the liquid feedstock was supplied from the bottom of the reactor every 6 hours according to the designed HRTs and OLRs. In addition to the feedstock influent, internal liquid 6 recirculation was applied to create an up flow velocity of 2.2 m/h, providing efficient mixing of the feedstock and hydraulic condition for granular structure maintenance. Initially, four UASB reactors were inoculated with 600 mL mesophilic granular sludge and 800 mL basal anaerobic (BA) medium [18] . The reactors operated at 55 °C and the bioaugmentation was performed at the first day of operation. One reactor operated without any bioaugmentation practice serving as control (Control 1).
In Strategy 1, the practice previously proposed to develop thermophilic adapted granules by replacing the 800 mL BA medium with AD digestate was followed [19] . The digestate used for bioaugmentation was obtained from a conventional lab scale continuous stirring tank biogas reactor (CSTR) treating cattle manure at 55°C. The rationale beyond this strategy was that the digestate from CSTR would provide a "complete" thermophilic microbial consortium mediating the entire AD process from hydrolysis to methanogenesis. Besides the biotic parameters i.e. the active methanogenic microbial community, digestate from cattle manure degradation provides abiotic enhancement, such as the necessary nutrients for optimal microbial growth, the high pH buffer capacity and the absence of substances that could inhibit the biomethanation process (e.g. high ammonia or fatty acid concentration). It is expected that the abiotic benefits will be gradually weakened with long operation due to the wash out of digestate; however, it was hypothesized that till that time an adapted microbial consortium would be fully shaped. Strategy 2 relied on the injection of 40 mL of AD digestate (same origin as described previously) into the UASB reactor for 6 consecutive days. During the bioaugmentation period the reactor was daily fed with 40 mL of potato juice to proliferate specialised microbes for substrate degradation. Comparing with previous strategy, the low proportion of AD digestate in the liquid phase limited the abiotic enhancement and therefore we were able to focus our evaluation on the manipulation of microbial community composition. Strategy 3 relied on the injection of a specific axenic thermophilic methanogenic and Cell Cultures and were always injected into the reactor under exponential growth phase. The cultivation procedure was previously described by Tsapekos et al. [14] . The composition of the cultivation media and growth curve for both strains are presented in Supplementary Information (Table S1, Table S2 , Fig. S1 and Fig. S2 ). The cell yields in both cultures were assumed proportional to methane production and the biomass concentrations were calculated from substratespecific coefficient: Y H2+CO2 = 8.7 mg dry cell mass/ mmol CH 4 and Y acetate = 2.1 mg dry cell mass/ mmol CH 4 [20] . As a result, each bioaugmentation portion (40 mL) contained 3.8 mg M.
thermautotrophicus and 5.0 mg M. thermophila as dry cell mass. The bioaugmentation period lasted for 6 days and the operation details for each strategy are listed in Table 2 . In order to evaluate effect of bioaugmentation, we operated the reactor using potato juice as substrate for 21 days i.e. 3 HRTs at the OLR of 4 gVS/L-reactor.day after the bioaugmentation.
Experiment 2-elucidation of the microbial composition alterations as a result of biomethanation with axenic cultures
The enhancement and persistence of bioaugmentation was tested in 2 laboratory scale UASB reactors, each one having a working volume of 1.2 L. The reactor configuration was previously described by Fang et al. [6] . Initially, the reactors operated at mesophilic conditions (37 °C) for 27 days until the achievement of stable (less than 10% variance for 1 HRT) methane production. The 8 OLR and HRT were 3 gVS/L-reactor.day and 8 days respectively. Subsequently, the operational temperature was changed to 55°C and one reactor was bioaugmented according to the Strategy 3, while the same amount of BA medium was added to the other reactor serving as control. Only bioaugmentation by Strategy 3 was tested, because it is considered as the best among all tested strategies due to the highest methane yield achieved in the former experiment. After the bioaugmentation period, the feeding was stopped for a week in order to avoid microbial wash out and to establish a new stable thermophilic microbial community. Potato juice was gradually added in the reactor at day 43, and the reactor started operating at the same OLR and HRT as during the mesophilic operation from day 45. Once steady state was achieved, the OLR was further stepwise increased to 4 gVS/L-reactor.day and 8 gVS/L-reactor.day by reducing the HRT to 6 and 3 days at day 76 and 91, respectively. Previous studies showed that potato juice has extremely low alkalinity, and extra pH buffering is necessary to assist methanogenic activity under thermophilic conditions. Therefore, the substrate was supplemented with sodium bicarbonate at concentration of 2.6 g/L to favour a mild transition from mesophilic to thermophilic operation.
Analytical methods
Total solids, volatile solids, total nitrogen and total ammonia of potato juice were determined according to APHA standard methods for the examination of water and wastewater [21] . The daily biogas production was quantified using a water replacement gas meter and methane concentration was measured using a gas chromatograph (Mikrolab, Aarhus A/S, Denmark), equipped with a thermal conductivity detector (TCD) as previously described [22] . Other digestion products including VFA and ethanol concentration were measured using a gas chromatograph (Shimadzu GC-2010 AF, Kyoto, Japan), equipped with a flame ionization detector (FID) as described by
Kougias et al. [22] . All determinations and measurements were done in triplicate samples. The 9 theoretical methane equivalent of intermediates (VFAs and alcohols) was determined assuming that all organic material will be converted to CH 4 and CO 2 and calculated from the following equation [23] .
Samples collection, DNA extraction and sequencing analysis
Triplicate samples from all the reactor configurations at various time points were collected in order to analyse the microbial communities. During the experiment 1, 5 granular samples were washed three times with phosphate buffered saline buffer (1 M, pH 7.4) in order to exclude the suspended biomass. DNA extraction was performed using PowerSoil® DNA Isolation Kit (MoBio PowerSoil, Carlsbad,CA USA) with an additional phenol cleaning step in order to improve DNA purification [24] . Universal primers 515F/806R were used to amplify the V4 region of 16S rRNA gene and the amplicons were sequenced using MiSeq desktop sequencer at Ramaciotti Centre for Genomics (Sydney, Australia). Raw reads were deposited in Sequence Read Archive (SRA) database (http://www.ncbi.nlm.nih.gov/sra) under the ID PRJNA327299.
OTU clustering and taxonomy identification were performed using CLC Workbench software (V.8.0.2) equipped with the Microbial genomics module plugin as previously described [13] . Only
OTUs in the top deciles (90 th percentile) of the total community were discussed in the present study.
Principal Coordinate Analysis (PCoA) was performed using the vegan-package implemented in R software [25] . Bray-Curtis index was calculated with 'vegdist' function and the distance matrix was further visualized by Classical (Metric) Multidimensional Scaling ('cmdscale') with two dimensions. Significant differences in microbial community compositions were identified with ttests using STAMP software [26] . Microbial relative abundance and dynamics of selected taxa were visualized with a heatmap using Multi-Experiment Viewer [27] . A selection of the representative
OTUs of specific taxa were chosen for discussion and the taxonomical assignments of sequences were verified in comparison with NCBI 16S ribosomal RNA database using Megablast [28] .
Results and Discussion
Comparison and selection of bioaugmentation strategy
After bioaugmentation, the integrity of granular sludge structure was maintained in Control 1, Strategy 2 and Strategy 3. On contrary the granules in the reactor, where the Strategy 1 was applied, were disintegrated. This phenomenon can be probably explained by the high density of the chosen AD digestate which did not allow the sludge bed to settle properly and to maintain the granular structure under the applied hydraulic conditions. The results of methane yield after bioaugmentation showed that the reactor performance was significantly influenced by the different bioaugmentation strategies (Fig. 1) . Moreover, severe process imbalances, such as VFAs and alcohol accumulation, were recorded in the control reactor suggesting an absolute necessity of bioaugmentation to achieve rapid biomethanation start-up (Supplementary information Table S3 ).
Strategy 1 strongly enhanced methane production due to exogenous microbial consortium provided by AD digestate. Specifically, substantial methane production was observed from the day 4 and methane yields were maintained at 272.9±36.5 CH 4 mL/g VS until day 15 (approximately 2 HRT). However, this enhancement effect could not persist and the methane yield decreased significantly after a period of 2 HRTs. The drop of methane yield can be attributed to the disintegration of granular sludge and to the wash out of active methanogens. Immobilization of active microbial consortium in granular structures is essential for UASB reactor operation, and else the effective microbes will be washed out at the relatively short HRTs applied in UASB reactors [29] . Therefore Strategy 1 was not selected for further studies.
Strategy 2 used the same AD digestate as Strategy 1, but the digestate was injected to the reactor at a smaller dosage. In this practice 5% AD digestate (vol/vol) was added into the UASB reactor for 6 consecutive days. Comparing to the previous strategy (100% AD digestate from the first day), the current treatment led to a limited abiotic enhancement, i.e. nutrition and pH buffer capacity.
Nevertheless, the putative biotic enhancement would persist if the thermophilic methanogenic microbes residing in AD digestate managed to proliferate in granular sludge. However, in fact, this bioaugmentation strategy led to an extremely inefficient methanogenic process (Fig. 1a) ; and the methane production accounted only for approximately 9% of methane equivalent of all digestion products, indicating the majority substrates were transformed to intermediate products (Fig. 1b) .
The pH values during the operation dropped to 5.8 due to VFA accumulation and low alkalinity of the substrate [30] . Consequently, the low pH promoted alcohol production and inhibited the methanogenic microbial community in the granules.
Strategy 3 targeted specifically the last step of digestion, i.e. methanogenesis, by adding axenic hydrogenotrophic and acetoclastic methanogenic cultures, namely M. thermautotrophicus and M.
thermophila. The exogenous methanogens significantly enhanced the biomethanation process and similar methane yield to Strategy 1 was observed (240.1±29.5 CH 4 mL/g VS). Concomitantly, methane was the main digestion product accounting for 62% of the total digestion process outcomes (Fig. 1b) .
Microbial insights of bioaugmentation strategies
By comparing the profiles of microbial communities residing in the granules, it was possible to gain insights into the effect of the different bioaugmentation strategies applied. PCoA analysis showed dramatic changes in microbial composition during temperature transition regardless of bioaugmentation (marked in black arrow in Fig 2a) . Besides, different bioaugmentation strategies also led to the formation of distinct consortia (marked in red arrows in Fig. 2a) . The relatively more minor differences imposed by bioaugmentation compared to temperature transition suggested that the exogenous microbes were compatible with the indigenous communities and did not outcompete the ones that spontaneously increased during temperature transition. The injection of the digestate (Strategy 2) led to a significant increase in relative abundance of 7 bacterial taxa compared to Control 1. However, thermophilic methanogens did not increase significantly indicating that they
were not retained by granular structures (Fig. 2b) . The most substantial change in the microbial composition was the increase of Clostridium genus. The representative OTU was found to be 100% similar to a thermophilic butyrate-producing bacterium, namely Clostridium thermopalmarium [31] .
The result was in accordance with the high proportion of butyrate recorded among the digestion products. Regarding Strategy 3, two axenic methanogenic strains were introduced, but only M.
thermautotrophicus was found to be significantly increased compared to the Control (Fig. 2c) . The survival of exogenous methanogens depends on the specific ecological niches created by the UASB reactor; however, we cannot be conclusive about the specific mechanisms of different methanogenic strains immobilization based on the present results. It is possible that the hydrogenotrophic methanogenesis was preferable under the current catabolic traits, or alternatively the specific habitat in the reactor was not optimal for the growth of M. thermophila strain. In addition to M. thermautotrophicus, 7 bacterial taxa were observed in higher relative abundance compared to the Control. The most significant increase was found in the OTU assigned to family D2; whose 16S sequence is identical to Thermanaerovibrio velox sequence. This microbial species 13 is a thermophilic fermentative bacterium which presumably has syntrophic interaction with M. thermautotrophicus due to H 2 forming property during substrate utilization [32] . Finally, taxa increasing in abundance in Strategy 3 were different from those of Strategy 2 (Fig. 2d) ; however, the increased bacteria, although belonging to different taxa in the two strategies, harbour similar catabolism capability, i.e. thermophilic carbohydrate and protein fermentation. The determinative factor that had a direct influence on methane production was the difference in thermophilic methanogens. The results showed that axenic methanogenic culture augmentation significantly increased the relative abundance of M. thermautotrophicus, leading to a better methane yield compared to the other strategies.
Enhanced methane production with bioaugmentation and thermophilic operation
The duration of bioaumentation effect of the best bioaugmentation strategy (Strategy 3) was evaluated by operating two additional UASB reactors, namely bioaugmentation and Control 2. A previous study demonstrated that, utilization of potato juice as substrate requires pH control during temperature transition from mesophilic to thermophilic operation [13] . Therefore, in this experiment bicarbonate was supplemented to the feedstock in order to maintain the pH levels within the optimum range for methanogenesis. Initially, in both UASB reactors operated at mesophilic conditions (37°C) and methane was constantly produced at an average rate of 746 mL CH 4 /Lreactor.day (Fig. 3a) , accounting for 83% of the methane equivalent of all digestion products (Fig.   3b ). Once steady state conditions had been achieved, the operational temperature was changed to thermophilic (55°C) at day 27. Moreover, in one reactor, the bioaugmentation was applied according to Strategy 3; while in the other reactor BA medium was used as control. As a result, the methane production rate decreased to 668 mL CH 4 /L-reactor.day in the control reactor. Although it is postulated that thermophilic AD has a higher reaction rate compared to the mesophilic operation, 14 this innate high rate was probably offset by the slow development of a thermophilic methanogenic microbial consortium during temperature transition. On contrary, the methane production rate of the bioaugmented reactor increased under the same OLR (789 mL CH 4 /L-reactor.day), and concomitantly methane proportion among total digestion products increased to 92%. The methane production rate in the bioaugmented reactor was 19% higher in comparison to the control reactor, suggesting that bioaugmentation with axenic methanogens had a positive effect on thermophilic biomethanation process.
Furthermore, the operational HRT of both reactors was sequentially decreased to 6 and 3 days, (i.e. OLR increased to 6 and 8 g VS/L-reactor.day), in order to evaluate the persistence of the positive effect in methanogenesis. In both reactors, higher methane production rates were observed after the reduction of the HRT; however, decreased methane yields were recorded. More specifically, the methane production rates in bioaugmented reactor reached 1014 mL CH 4 /Lreactor.day at 6 days HRT and 1813 mL CH 4 /L-reactor.day at 3 days HRT, accounting for 87% and 68% of total digestion products respectively. The methane production rates in bioaugmented reactor were constantly higher than control reactor, especially at short HRTs (i.e. 30% higher during HRT of 6 days and 41% higher during HRT of 3 days). The persistent positive effect of bioaugmentation suggested that the exogenous strains were firmly retained in the reactor by granular structure of the sludge [33, 34] .
Microbial community dynamics during temperature transition and bioaugmentation
The microbial dynamics in granules was analysed by high throughput amplicon sequencing and the results showed that the microbial community composition was deeply influenced by temperature transition and bioaugmentation process. The relative abundance of taxa in the top deciles and their dynamics are illustrated in Figure 4 . The results of the entire microbial community are reported in 15 supplementary information (Fig S3) . The overall changes in microbial composition were evaluated with PCoA analysis showing that the differences caused by the bioaugmentation process were significant (Fig. S4 ). More specifically, the vast majority of the taxa in mesophilic granules decreased significantly in relative abundance demonstrating inability to survive at thermophilic conditions (Fig. 4, Group1) . For example, genus T78 decreased from 33.3% to less than 10% in both reactors indicating that the transition to thermophilic temperature created a hostile habitat to this taxon. Previous research evidenced that T78 was a dominant microbe in mesophilic potato juice digesting granules [35] and was postulated to be responsible for the maintenance of sludge granular structure [13, 36] . Nevertheless, in this experiment the granules maintained their structures even after the significant decrease of genus T78 suggesting that besides the filamentous morphology of living cells, T78 could probably produce extracellular polymers responsible for the granular structure maintenance [37] . Meantime we also speculate that other thermophiles harbouring a similar property emerged during temperature transition and kept the granules intact.
A cluster of taxa increased significantly in abundance regardless of bioaugmentation process, suggesting that their proliferation was due to the increase of operational temperature (Fig. 4 , Group 2). Among those taxa, genus S1 underwent the most substantial increase and its relative abundance reached 20% of the total community. This result becomes even more interesting considering that S1
was almost absent at mesophilic conditions. The sequence of the most representative OTU of this taxon was 99% similar to Defluviitoga tunisiensis, which is a thermophilic fermentative bacterium [38] . The same species was previously found to be dominant in liquid phase of UASB reactor and was suggested to be closely related to thermophilic degradation of potato juice [12] . Regarding the archaeal community, OTUs similar to Methanoculleus and Methanosarcina increased significantly in abundance under thermophilic conditions, even though being in extremely low abundance during mesophilic operation. Although the sequence of OTU identified as Methanosarcina was 100%
16 similar to M. thermophila, no significant difference was observed between samples with bioaugmentation (TA) and control (Control 2). This result suggested that the increase in abundance of this specific methanogen was related to temperature adaptation rather than bioaugmentation. As it will be further discussed, the better performance of the bioaugmented reactor was mainly attributed to the increased abundance of other archaeal species.
Some taxa were not influenced by the temperature conditions and were found abundant both under mesophilic and thermophilic operations (Fig. 4, Group 3) . Archaea similar to Methanolinea were found within this group and the corresponding OTU was 98% similar to Methanolinea tarda.
The type strain of this taxon was reported to form multicellular filaments longer than 8 µm promoting its evolvement in granular structures [39] . Furthermore, the wide temperature range of M. tarda (35 to 55 °C) growth also allows it to grow in both mesophilic and thermophilic conditions. Methanolinea was the second most abundant archaeal taxon found in granules after
Methanobacterium beijingense. Since M. beijingense was previously proven unable to perform methanogenesis under thermophilic conditions, Methanolinea spp. probably played an important role in restoring methanogenic activity after the temperature transition in both bioaugmented and control reactors.
Comparing the microbial profiles of the granules obtained from the two reactors (i.e. with TA or Control 2), several taxa were promoted to grow by the bioaugmentation (Fig. 4, Group 4) . M.
thermautotrophicus presented approximately 2.5 folds higher relative abundance in TA compared to the Control 2 indicating that the injected M. thermautotrophicus was successfully retained by granular structures. Besides, the growth of some indigenous bacteria was also promoted probably due to their syntrophic interaction with this archaeon. For example, species related to Thermacetogenium were observed to be 2.2 folds higher in TA compared to Control 2 and the representative OTU was 94% similar to a thermophilic syntrophic acetate oxidizer namely Thermacetogenium phaeum [40] . Moreover, Syntrophobacter spp. were also found 2.2 folds higher in TA and the BLAST results identified this taxon to be 95% similar to Syntrophobacter wolinii, which is a syntrophic propionate-degrading bacterium [41] .
Conclusions
The current study demonstrated that bioaugmentation can be an efficient method to facilitate an operational temperature transition from mesophilic to thermophilic conditions, and thus, is proposed as an alternative strategy to rapidly start up thermophilic UASB reactors. More specifically, the injection of axenic methanogenic culture into a UASB reactor was identified as the most promising microbial adaptation strategy. A remarkable difference in the microbial profile due to temperature transition was demonstrated and mild but significant changes were highlighted between the applied bioaugmentation strategies. The exogenous hydrogenotrophic methanogen was observed to be encapsulated in the pre-existing granular structures during bioaugmentation and concomitantly promoted the growth of syntrophic fatty acid oxidizers. Finally, the bioaugmented granular community was responsible for a persistent higher methane production rate compared to the control reactor.
contract 12-132654. Illumina sequencing was performed at the Ramaciotti Centre for Genomics (Sydney, Australia). Fig. 1 Reactor performance for the different bioaugmentation strategies. a) Methane production yields after bioaugmentation b) Methane, VFAs and alcohol compositions at day 21. 
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